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Abstract 
The relevance of hydrological surface processes, such as drainage formation, landscape's evolution, pollutant 
diffusion, and sediment transport, has recently fostered the development of an array of novel sensing systems. In this 
context, the deployment and observation of enhanced fluorescent particles is studied in [Tauro et al., 2012] to non-
intrusively estimate surface flow velocities and travel times. Such insoluble and buoyant fluorescent particles are not 
affected by adsorption issues, thus requiring minimal amounts of tracing material to be released in the environment, 
and are detected through commercially available inexpensive digital cameras. In this paper, we complement 
previously developed unsupervised particle detection tools with Large Scale Particle Image Velocimetry (LSPIV) 
analysis for surface flow estimations in natural settings. Specifically, we conduct several proof of concept 
experiments by deploying few grams of fluorescent particles in a natural brook and analyzing acquired videos with 
both unsupervised image analysis tools and LSPIV. Results from both methodologies suggest their complementary 
use for enhanced surface flow monitoring. In addition, the use of environmentally friendly highly visible fluorescent 
particles would sensibly improve the joint performance of such non-intrusive sensing systems. 
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1. Introduction 
Traditional tracers such as isotopes, chemicals, and dyes are widely used for investigating, quantifying, 
and monitoring several hydrological processes, including overland flow [1], surface and subsurface flow 
[2--5], water travel time [6,7], water aging [8], runoff formation [9], and concentration time [10,11]. 
These techniques are based on the use of soluble elements which can faithfully follow the motion of the 
fluid and, therefore, provide accurate estimates of flow velocity in heterogeneous settings. Despite such 
advantage, traditional tracers are affected by adsorption in the environment and their detection requires 
physical sampling or intrusive sensing probes, the presence of operators, and complex laboratory analysis. 
These pitfalls hamper their suitability to continuous large-scale measurements, which are crucial for 
understanding the fast evolution of processes occurring at the watershed scale. 
The increased need for accurate hydrological observations is fostering the development of novel 
technologies, such as portable optical systems based on pattern recognition [12–15], reflectivity sensors 
for buoyant sediments [1] and the use of entropy-based models to estimate velocity distribution in open 
channel flow [16,17], and versatile water tracing methods [3,8]. Among these techniques, considerable 
efforts are devoted to the synthesis and characterization of particle tracers for surface flow measurement. 
In particular, a novel approach to allow for non-intrusively estimating surface flow velocities and travel 
times is studied in [29,30,33--36] based on the deployment and observation of enhanced fluorescent 
particles. Such insoluble and buoyant fluorescent particles are not affected by adsorption issues, thus 
requiring minimal amounts of tracing material to be released in the environment. Further, they are 
detected through commercially available inexpensive digital cameras and their fluorescence is elicited 
through common illumination sources. 
Notably, a fast particle tracker and simple image analysis tools have been designed in [29,30] to allow 
for particle identification and velocity estimation in real time. These studies demonstrate the applicability 
of such methodology in the presence of ephemeral micro-channels, fully developed stream flows, water 
surface reflections, turbid water, and direct sunlight or dim light settings. Yet, image analysis tools can be 
affected by a number of factors that pose severe challenges in their practical implementation [31]. 
Specifically, the presence of rapidly deforming light reflections at the water surface, inhomogeneous 
background, and extremely bright illumination conditions may lead to false detections and inaccurate 
velocity estimations. 
In this paper, we complement the previously developed unsupervised particle detection tools with 
Large Scale Particle Image Velocimetry (LSPIV) analysis for surface flow estimations in natural settings. 
LSPIV is a non invasive optical methodology stemming from traditional Particle Image Velocimetry 
(PIV) which has been extensively used in hydrology for rating curve calibration [15], shallow overland 
flow mapping [18], and riverine hydrodynamic and geomorphology studies. In our work, we conduct 
three proof of concept experiments by deploying few grams of fluorescent particles in a natural brook and 
analyzing acquired videos with both automatic image analysis tools for particle detection and LSPIV for 
flow velocity estimation. In addition, we propose a simple procedure for particles’ transit identification 
from LSPIV velocity field mapping. Results from both methodologies are compared and directions on the 
integration of nontoxic particle tracers in surface flow measurement practice are discussed. 
The rest of the paper is organized as follows. Section 2 presents a review on LSPIV analysis and its 
hydrological applications; Section 3 illustrates the study site, experimental setup, unsupervised image 
analysis technique, and experimental procedure; Section 4 reports experimental findings and comments; 
and Section 5 is left for conclusions.  
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2. Large Scale Particle Image Velocimetry 
PIV is a widely used fluid dynamics measurement technique, which allows for non-intrusive flow 
characterization. The methodology is based on the use of particle tracers which are seeded in the fluid and 
reliably follow its motion. Velocity estimations are reconstructed by performing statistical analysis of the 
displacement of such groups of particles [19--21].  
When dealing with large scale flows, PIV is referred to as LSPIV. Particles of various shapes, 
materials, and sizes are considered in LSPIV measurements. For instance, naturally occurring objects 
such as foam bubbles, leaves, and wood or artificially seeded ecofoam chips are used to estimate flow 
velocities in river sections in [21--24]. Advantages of these tracers are their limited cost and ease of 
implementation. On the other hand, they are not conservative, tend to dissolve in time-windows of 
minutes, and only allow for local measurements, which are not appropriate for characterizing watershed 
large scale response. 
In-situ LSPIV is performed in [12,22--24] to measure surface flow velocity and stream discharge at 
precise river sections. In most studies, GPS or total station for locating reference points and correcting 
camera distortions and operators' presence for flow seeding and sample collection are necessary. In 
addition, lack of illumination, camera lens distortions, and the presence of shadows and reflections in the 
recordings highly influence the accuracy of the methodology. 
The only example of fluorescent particles designed for potential in-situ LSPIV measurements is 
reported in [26]. It is therein shown that fluorescent particles remarkably reduce reflections in large scale 
hydraulic experiments. 
3. Materials and Methods 
In this Section, details are provided on the particle tracers and experimental setup used for the 
experiments. Further, the site where experiments are conducted as well as techniques adopted for data 
processing are discussed. 
3.1. Tracers and Experimental Apparatus 
Two proof of concept experiments are executed by using particles purchased from Cospheric LLC 
whose cost is 0.8 $/g for 1 kg batches. The beads are 710–1180 m in diameter; they are white under 
daylight and emit yellow-green light (561 nm wavelength) if excited by a UV light source (365 nm 
wavelength). Particles are fabricated by embedding the fluorophore into a polyethylene matrix. They are 
slightly buoyant, their nominal dry density is 0.98 g/cm3, and spherical, thus allowing for enhanced flow 
tracing performance [29]. A thorough characterization of the visibility of the particles in laboratory 
controlled conditions, that is, in dark environments and static turbid water, is documented in [30]. 
In addition, a proof of concept experiment is conducted by deploying environmentally friendly 
fluorescent particles. Differently from the other tracers, such particles are in-house fabricated from 
nontoxic Fluorescent FWT Red Dye Concentrate, Cole Parmer®, and natural white beeswax pellets 
purchased from Stakich Inc., MI [33]. Their excitation and emission spectra are displayed in Figure 1(a) 
as obtained by analyzing a 2 mL sample of melted particles with PTI Quanta Master 40 
spectrofluorometer. The particles are produced by melting the beeswax at 60°–65° C and then mixing it 
with a 6 × 10 3 g/L diluted solution of the fluorophore. The homogeneous emulsion of beeswax and 
fluorophore is then instantaneously cooled down by adding water at 5° C. This phase leads to the 
formation of wax drops of variable diameters that rapidly solidify and migrate to the water surface of the 
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suspension. Beads of 250–420 m in diameter are obtained through filtering and sieving the material. The 
particles are neutrally buoyant and spherical in shape and their cost is only 0.025 $/g. 
The sensing station used for video acquisition is constituted of a 40 cm × 100 cm wooden plate resting 
on adjustable steel tripods, see Figure 1(b). The tripods allow for raising and lowering the plate at variable 
distances from the water surface from a few centimeters up to 70 cm. The bottom side of the plate hosts 
the light unit, whose wavelength range is selected to excite the fluorescence of the particle tracer. In 
particular, an array of 14 Ultra Violet (UV) lights is used for experiments with green-fluorescent particles. 
On the other hand, direct sunlight is used with the environmentally friendly beads. A vertical telescopic 
system of aluminum bars is connected to the apparatus to hold a calibrating ruler. Differently from 
[34,35], a miniature water proof Bullet HD 1080p camera is placed in the center of the plate where a 
circular 2.5 cm aperture is created, see Figure 1(b). This camera offers performance comparable with 
much bulkier and more costly devices. Further, such configuration allows for minimizing distortions 
introduced from the inclination of the camera with respect to the region of interest in captured videos. 
 
       
(a)      (b) 
 
(c) 
Fig. 1. (a) emission and excitation spectra for the environmentally friendly particles; (b) schematic of the sensing station used for 
video acquisition; (c) view of the natural brook. 
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3.2. Experimental Site 
Experiments are conducted in a natural brook close to the University of Tuscia, Viterbo, Italy, see 
Figure 1(c). The brook is seasonally used for irrigating nearby fields. Its cross section is approximately 1 
m wide and its depth varies from 5 to 8 cm. The average surface velocity is equal to 1 m/s. 
3.3. Data Analysis 
3.3.1. Unsupervised Particle Detection 
Particle detection is performed by applying a modified version of the index developed in [30] on 
acquired videos. Specifically, recorded videos are converted into RGB frames and then the green and red 
channels for the green and environmentally friendly beads, respectively, are analyzed by using the 
following index G  
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in  refer to the pixel count for the background and particle images, 
respectively. The term ic  represents the intensity classes from 0 to 255 where the power  is here 
introduced to assign a higher weight to the brighter pixels that correspond to tones pertaining to 
fluorescent beads. In this work,  is set equal to 10 after a preliminary parametric study. It is noted that 
the first pictures of the acquired sequences are considered as background images. Processing through the 
index G  allows for identifying the sequence of frames where brightness is maximized and therefore 
where the particles are more likely to be. 
3.3.2. LSPIV 
The edPIV software is used for the analysis. Each image is subdivided into 32 × 32 pixels 
interrogation windows and cross-correlation is performed using the standard fast Fourier transform (FFT) 
formulation with Gaussian subpixel interpolation [31]. Sequences of frames are resized to 160 × 90 pixels 
for processing through LSPIV. Frame resizing is used to calibrate particle dimension in the image with 
the interrogation window. As a rule of thumb, PIV cross-correlation is efficient when objects move of 
approximately 8 pixels between successive frames if 32 × 32 pixels windows are used.  
A methodology is developed to detect particle transit in videos from LSPIV velocity maps. 
Specifically, it is assumed that the LSPIV algorithm tends to underestimate surface flow velocity in the 
absence of particle tracers. Indeed, when particle tracers do not transit in the camera field of view, 
disorganized light reflections prevent the observation of baseline motion. This results in false readings 
with low average velocities. Therefore, the number of interrogation windows whose velocity is equal or 
greater than 90% the maximum velocity obtained in the entire image is retained as an indicator of particle 
transit. In particular, time series of such parameter are compared to time series obtained for the indexG . 
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3.4. Procedure 
Experiments are executed by recording videos of approximately 4-6 seconds by setting the Bullet 
camera to WVGA resolution (800 × 480 pixels) and its acquisition frequency to 60 frames per seconds. 
The camera is located at 25 cm from the water surface so that it captures a field of view of 32 cm × 22 
cm. Anti-glare photographic panels are placed above the sensing station to create a diffused light 
environment. Two experiments are conducted by deploying 3-4 grams of green fluorescent particles 
approximately one meter upstream the measurement station. Another experiment is performed by 
releasing similar quantities of environmentally friendly particles.  
Once recorded, videos are decompressed into frames and analyzed through visual inspection to recover 
frames relative to particles’ transit. They are then processed through the unsupervised detection procedure 
and resized and analyzed through LSPIV.  
4. Results and Discussion 
Table 1 reports findings from visual inspection of the acquired videos along with results from the 
unsupervised procedure and LSPIV. Specifically, entries relative to visual inspection report the order 
number of frames corresponding to the first and last appearance of the cloud of fluorescent particles in the 
field of view. Entries relative to the Unsupervised Procedure are frame order numbers where peaks in the 
time series of the index G are attained and figures relative to LSPIV correspond to the frame where a 
peak in the number of high velocity interrogation windows is found. It is noted that multiple peaks in the 
index G  are obtained for videos of the green particles whereas the time series of G  for the video of the 
environmentally friendly beads shows no clearly identifiable peak. Distinct peaks are instead found after 
processing LSPIV velocity maps.  
In Figure 2(a) and (b), the time series of the index G  and the LSPIV high velocity windows are 
displayed, respectively. It is noted that the time series of G  is remarkably noisy due to light reflections 
on the water surface and inhomogeneous background. In particular, three peaks can be roughly identified 
at frames 28, 138, and 167. Conversely, the higher density of high velocity windows is attained at frame 
166 in the LSPIV analysis.  
A similar behavior is found in video 1 for the green particles where the unsupervised procedure leads 
to the identification of three peaks and LSPIV analysis to a peak obtained at a frame order number 
pertaining to the particle transit sequence. Specifically, LSPIV analysis indicates that higher velocities of 
approximately 1 m/s occur in corrispondence of the transit of the particles. This result is in good 
agreement with tests performed by calculating with chronometers the time taken by floating objects to 
travel known distances along the brook. In addition, velocity vectors are correctly oriented towards the 
flow direction and their intensity is greater in the center of the brook.  
With regards to the environmentally friendly beads, the index G  fails to extract the beads’ transit due 
to their low fluorescence emission intensity. Nonetheless, the particles are efficiently sensed through the 
LSPIV algorithm as demonstrated through the clearly identifiable peak recovered at frame 267, see Table 
1. 
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Table 1. Particle transits as obtained through Visual Inspection, Unsupervised Procedure, and LSPIV. Entries correspond to frame 
order numbers relative to particles’ transit. 
Video Visual Inspection Unsupervised Procedure LSPIV 
Green Beads 1 170-202 37;139;181 177 
Green Beads 2 157-192 28;138;167 166 
Environmental Beads 250-279 NA 267 
 
Results presented in Table 1 and Figure 2 support the hyphothesis that LSPIV underestimates surface 
flow velocity in the absence of properly seeded buoyant objects. Such underestimation is much more 
appreciable when the cross-correlation is applied to fields of view of limited extent as compared to 
studies available in the literature [22,24]. In the presented proof of concept experiments, this is exploited 
to automatically infer particle transit in the brook. It is further noted that underestimation is much more 
evident when high resolution images are processed. Indeed, in case of higher resolution pictures, standard 
interrogation windows of 32 × 32 pixels are smaller than the dimension of the beads’ cloud and, therefore, 
are not sufficient to capture their motion. 
Even if the unsupervised procedure proves to be an efficient tool to identify sequences where the 
particles are more likely to be, thus facilitating processing of extended videos, the use of G  is limited to 
videos where pixels pertaining to the particles are brighter than the background. When such condition is 
not verified, light reflections may hinder the beads’ detection. In addition, processing through the index 
cannot be efficiently used to determine surface flow velocity. 
 
 
(a)      (b) 
Fig. 2. (a) time series of the index G  and (b) time series of high velocity windows as obtained from LSPIV analysis. 
5. Conclusions 
In this paper, three proof of concept experiments are conducted where surface flow velocity in a 
natural brook is estimated through the use of fluorescent particle tracers. The motion of the beads is 
recorded through a commercially available camera and videos are processed through visual inspection, an 
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unsupervised procedure based on simple image analysis tools, and Large Scale Particle Image 
Velocimetry (LSPIV). LSPIV is herein used to both estimate particle velocity and detect the beads’ 
passage underneath the camera through the definition of a lumped parameter. 
Comparison among the three methodologies emphasizes that LSPIV underestimates surface flow 
velocity in the absence of floating objects. This is confirmed by the increase in the number of high 
velocity interrogation windows in correspondence of the beads’ transit. Further, such increase coincides 
with peaks in the time series of the unsupervised image analysis index.  
These results suggest that both the unsupervised procedure and LSPIV should be complementarily 
used for enhanced surface flow monitoring. In addition, the use of environmentally friendly highly 
visibile fluorescent particles would sensibly improve the performance of the illustrated non-intrusive 
sensing systems. Future work will be devoted to the investigation of alternative fluorophores for the 
fabrication of enhanced visibility particles under adverse light illumination and direct sunlight. 
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